dependent phosphorylation, FRQ-dependent phosphory-
lation of WCC correlates with its inactivation and reducnuclei ( Figure 1A ). As reported previously, w1/3 of WC-2 was localized in the cytosol, and nuclear forms tion of frq RNA levels in vivo. Hypophosphorylated WCC, on the other hand, supports expression of frq RNA.
of WC-2 displayed reduced electrophoretic mobility due to compartment-specific phosphorylation (Schwerdtfeger Rhythmic transcription of frq correlates with changes in the phosphorylation status of WCC. Dephosphorylation and Linden, 2000). WC-1 is a marker for WCC since it does not accumuof WCC in vivo is dependent on the PP2A regulatory subunit RGB-1 and is accompanied by an increase in late in the absence of its assembly partner WC-2 (Cheng et al., 2002) . FRQ and WCC (WC-1) are exfrq RNA levels. In vitro, purified WCC is dephosphorylated by PP2A. Hypophosphorylated WCC binds effipressed in similar amounts (Denault et al. 2001 ). However, as shown above, the vast majority of FRQ is localciently to a C box oligonucleotide derived from the frq promoter, while hyperphosphorylated WCC binds with ized in the cytoplasm, while WCC is localized in nuclei. We determined the stoichiometric relationship of clock reduced affinity. In summary, in vitro and in vivo evidence suggests that FRQ inactivates WCC by promotproteins in cytosol and nuclei ( Figure 1B and Figure S1 ) using in vitro-synthesized radiolabeled clock proteins ing its phosphorylation. Recruitment by dephosphorylation of a relatively small fraction of active WCC for calibration (Denault et al., 2001 ). For an initial quantification, light-grown Neurospora (LL) was used since primarily from a large pool of inactive protein rather than by de novo synthesis may contribute to the ro-FRQ is constitutively expressed at elevated levels under these conditions. In total extracts, the molar ratio bustness of the circadian oscillator.
of FRQ versus WCC (WC-1) was 4.3:1 ( Figure 1B , left panel). In nuclei, however, WCC was present in w7-fold Results excess over nuclear FRQ ( Figure 1B, right panel) . In constant darkness (DD), frq RNA oscillates in Subcellular Distribution of Clock Proteins Light-grown Neurospora (bd) was fractionated, and aliamount, reaching a maximum 4 hr after subjective dawn at circadian time 4 (CT4 wDD15) and a minimum quots of total, cytosolic, and nuclear fractions were analyzed by Western blotting ( Figure 1A) . The concenaround CT15-17 (wDD25), i.e., 3-5 hr after subjective dusk. Neurospora was grown for 25 hr in DD (CT16), tration of FRQ in the cytosolic fraction was indistinguishable from its concentration in total cell extract. and nuclei were analyzed ( Figure 1C For the analysis shown above, the integrity of nuclei is crucial. Several lines of evidence demonstrate that the cytosolic localization of FRQ is not an artifact due to damaged or perforated nuclei. Namely, the distinct phosphorylation patterns of nuclear and cytosolic WC-2 and the absence of WC-1 in the cytosolic fraction indicate that nuclei remained mostly intact during the preparation. Furthermore, we noticed that the C-terminally truncated, mutant FRQ 9 protein (Aronson et al., 1994b), though expressed at low levels, is highly enriched in nuclear fractions ( Figure 1D ). This internal control supports that the cytosolic localization of fullsize FRQ was not due to preparation artifacts.
Interaction of Clock Proteins
To determine whether FRQ interacts with WCC, nuclear and total extracts (LL) were analyzed by gel filtration (Figure 2A We then prepared total cell extract (DD25) and performed immunoprecipitation. When WC-1 was immunodepleted, a small amount of FRQ was coimmunoprecipitated ( Figure 2B ). However, the fraction of FRQ that the phosphorylation status of WCC is dependent on FRQ. To characterize the phosphorylations in more detail, samples were analyzed by 2D gel electrophore-FRQ-Dependent Phosphorylation of WCC Analysis of nuclear fractions indicated that WC-1 and sis. We were not able to detect WC-1 on 2D gels. Using cell-free-synthesized radiolabeled WC-1, we found that WC-2 were phosphorylated in constant conditions (Figure S3 ; Lee et al., 2000; Schwerdtfeger and Linden, it did not efficiently enter the isoelectric focusing strips (data not shown). WC-2, which was detected on 2D 2000). To investigate whether FRQ affects the phosphorylation status of WCC, we analyzed nuclear fracgels, was phosphorylated at multiple sites in frq + (Figure 3A , lower panels). In frq 9 , WC-2 was hypophosphortions of two frq-deficient strains. In frq 10 , the frq gene is transcriptionally more active than hyperphosphoryrest was phosphorylated at one or two sites. It should be pointed out that FRQ 9 did not support hyperphoslated WCC in frq + . However, the absolute amount of unphosphorylated WC-2 was higher in frq + than in frq 9 . phorylation of WCC, although nuclear levels of FRQ 9 and FRQ are similar ( Figure 1D) , suggesting that the It should be pointed out that w1/3 of WC-2 is localized in the cytosol (see Figure 1) . Immunoprecipitation and C-terminal domain of FRQ is crucial for this function.
To correlate FRQ-dependent phosphorylation with subsequent 2D gel analysis and quantification demonstrate that w10% of WC-2 in complex with WC-1 was WCC activity, frq 9 and frq RNA was measured by quantitative RT-PCR ( Figure 3B ) and Northern blotting (data unphosphorylated in frq + at DD15 and w6.5% at DD25, while w50% was unphosphorylated in frq 9 . (Figures 3C  not shown) . At DD15, frq RNA was expressed in a 2.5-fold higher amount than at DD25, reflecting circadian and 3D). Thus, although overall levels of WCC (WC-1) are four to five times lower in frq 9 ( Figure 3A and data oscillation. Interestingly, the frq 9 RNA level was almost 5-fold higher than the peak level of frq RNA (DD15). In not shown), there is more unphosphorylated WC-2 in complex with WC-1. Accordingly, the amount of unfrq + , WCC is apparently not fully active at DD15, although FRQ levels are very low (circadian trough) and phosphorylated WC-2 in complex with WC-1 appears to correlate with frq transcription. frq RNA levels are at a circadian peak. The data suggest that a pool of largely inactive WCC is present in To investigate whether the phosphorylation status of WCC oscillates in circadian fashion, extracts were prefrq + at all times throughout a circadian period. frq 9 and frq RNA were both expressed at a higher level in LL pared at 4 hr intervals from dark-grown Neurospora and analyzed by 2D gel electrophoresis. The phosphorylathan in DD ( Figure 3B ). Yet frq 9 RNA was expressed in a higher amount than frq RNA, demonstrating that FRQtion status of WC-2 was dependent on circadian time ( Figure 3E ). Figure 3C ). The RNA amount was observed in a wc-1-deficient strain cytosolic fraction of WC-2 is hypophosphorylated at all (data not shown). Furthermore, levels of control RNAs times (see Figure 1) .
(cyclophilin RNA and tim17 RNA) did not increase in the A significant fraction of WC-2 was phosphorylated at presence of CHX (data not shown). These data demoneither time point in DD, while the majority of WC-2 was strate that the CHX-dependent increase in frq RNA is unphosphorylated in frq 9 . This suggests that WCC may specific and dependent on FRQ and WCC. not be fully active in frq + at any circadian time (see We analyzed the phosphorylation status of WC-1 and below).
WC-2 ( Figure 4C ). Both proteins were dephosphoryAs shown in Figure 3A , the low-mobility form of WC-1 lated in the presence of CHX. In frq 9 , WC-1 was hyporepresents a species phosphorylated in an FRQ-depenphosporylated (high-mobility form) and expressed in a dent manner. When analyzed on 1D gels, the ratio of low amount, and its phosphorylation status did not high-versus low-mobility species of WC-1 appeared to change upon incubation with CHX. Similarly, the phosbe slightly higher at DD15 than at DD25 ( No FRQ-His was detected prior to addition of QA, demIn the control incubation (−CHX), frq RNA levels were onstrating that the qa-2 promoter was tightly repressed low 2 hr after LD transfer, demonstrating that frq RNA ( Figure 4D ). As expected, WC-1 levels were low in the synthesis was efficiently suppressed via negative feedabsence of FRQ; WC-1 and WC-2 accumulated in hyback of the high amounts of FRQ synthesized during pophosphorylated form and the mutant frq 9 allele was the preceding light incubation (Figures 4A and 4B) . frq efficiently transcribed, as measured with a 5#UTR-spe-RNA reached a circadian peak at DD16, indicating that cific probe absent in the qa-2-driven frq + allele (Figure the circadian clock was running. In the presence of 4D). Four hours after addition of QA, FRQ-His was ex-CHX, frq RNA levels were also low at DD2. Subpressed. WC-1 levels were slightly elevated, reflecting sequently, however, frq RNA amounts increased drathat the newly synthesized FRQ started to support acmatically, reaching a w40-fold higher level at DD16 cumulation of WC-1 (Lee et al., 2000) . Low-mobility compared with −CHX cultures. Since no protein is synforms of WC-1 and WC-2 appeared, and frq 9 RNA was thesized in the presence of CHX, the significant inefficiently repressed ( Figure 4D ). This indicates that low crease in frq RNA amount must be due to activation levels of newly synthesized FRQ were active in negative of previously synthesized components. Corresponding feedback and in triggering phosphorylation of WCC. Afresults were obtained when dark-grown frq + was incuter transfer to QA-free medium, synthesis of FRQ-His bated with CHX (see Figure 5C ). frq 9 RNA levels are continued for w4 hr (not shown), and the protein was elevated compared to frq + . When frq 9 was incubated then degraded during the subsequent period. Low levels of hyperphosphorylated FRQ-His were detected after with CHX ( Figures 4A and 4B) , frq 9 RNA levels remained 16 hr ( Figure 4D ). WC-1 levels were lower than after that the entire pool of WC-1 was hyperphosphorylated when RGB-1-dependent function of PP2A was compro-FRQ-His induction but slightly higher than initial WC-1 levels. WC-1 and WC-2 were both in hypophosphorymised. The phosphorylation status of WC-2 was also affected by PP2A ( Figure 5B ). In addition to un-and lated form. Interestingly, frq 9 RNA levels were 3-fold higher than the initial levels and w40-fold higher than monophosphorylated WC-2, two hyperphosphorylated species, comprising w60% of WC-2, accumulated in trough levels after FRQ-His induction. This indicates that a control of FRQ synthesis tighter than in frq + prorgb-1 RIP . However, compared to frq + , the apparent phosphorylation status of WC-2 did not change in cirduces significant changes in phosphorylation status of WCC and high peak-to-trough ratios of frq 9 RNA. The cadian fashion in rgb-1
RIP
. Thus, neither did hypophosphorylated WC-2 accumulate at DD15 nor were highly data strongly suggest that during a circadian cycle in frq + , FRQ-mediated feedback on WCC activity sets in phosphorylated species detected at DD25. The lack of well before the pool of WCC is fully activated.
an apparent high-amplitude phosphorylation rhythm mirrors the reported low-amplitude rhythm in frq RNA abundance in rgb-1 RIP (Yang et al., 2004 ).
Dephosphorylation of WCC Is Dependent
To munoprecipitated with WC-1-specific antibodies. When but there is only a strong in vivo correlation that hyperphosphorylated WCC is less active. Since these spethe immunopurified WCC was incubated with protein extract prepared from frq 9 , WC-1 was efficiently decies accumulate only in the presence of functional FRQ, it cannot be rigorously concluded that FRQ, though phosphorylated, indicating that the frq 9 extract contained a WCC-specific phosphatase activity that was present in a substoichiometric amount, inactivates WCC by other means. To obtain direct evidence, we apparently absent in rgb-1 RIP ( Figure 5D ). The dephosphorylation was inhibited by caliculin A. studied in vitro binding of WCC to a C box oligonucleotide derived from the frq promoter (Froehlich et al., Then, immunoprecipitated WCC was incubated with purified human PP2A (AC dimer). WC-1 ( Figure 5E ) and 2003). Nuclear extracts were prepared from frq 9 (DD15) and from frq + at DD15 and DD25. The capacity of WCC WC-2 (data not shown) were dephosphorylated, demonstrating that WCC is a direct substrate of PP2A in vitro.
to bind to a radiolabeled oligonucleotide specific to the C box was then analyzed by electrophoretic mobility Finally, a FLAG-tagged version of RGB-1, which was stably expressed in Neurospora, accumulated in cytoshift assay (EMSA). frq 9 nuclear extract efficiently shifted the mobility of the C box oligonucleotide ( Figure  sol and nuclei (Figure S5A ), indicating that it assembled with the A and C subunits of PP2A (Virshup, 2000) . Its 6A). frq + nuclear extracts prepared at DD15 and DD25 differed slightly in their ability to bind to the C box, but subcellular distribution was independent of FRQ, and it did not coimmunoprecipitate with FRQ (data not shown), both were significantly less efficient in EMSA than suggesting that PP2A function may not be modulated frq 9 extract. This indicates that low amounts of hypoby FRQ. However, the phosphorylation status of WC-2 phosphorylated WCC present in frq 9 were more active was slightly shifted toward hypophosphorylation, sugthan high amounts of hyperphosphorylated WCC presgesting that the overexpressed protein was active in ent in frq + . promoting dephosphorylation of WC-2 ( Figure S5B) . If WCC is inactivated by FRQ-dependent phosphoryTogether, the data demonstrate that CHX-dependent lation rather than by complex formation with FRQ per activation of WCC correlates with its dephosphorylase, neither addition nor depletion of FRQ should affect tion in vivo. CHX-dependent dephosphorylation as well binding of WCC to the C box. Thus, we affinity purified as transcriptional activation of WCC is directly or indi-FRQ-His, which is active in negative feedback in vivo rectly dependent on PP2A.
(see Figure 4D ). frq 9 nuclear extract was then incubated with increasing amounts of purified FRQ-His and subjected to EMSA ( Figure 6B, left lanes) . Addition of FRQBinding of WCC to the C Box The analysis of frq 9 in vivo clearly demonstrates that His in w40-fold molar excess over WC-1 did not reduce binding of WCC to the C box. The data support that hypophosphorylated WCC is transcriptionally active, 
WCC is not inactivated by direct complex formation
hyper-and hypophosphorylated WCC, we prepared an affinity resin by coupling a sulfhydrylated C box oligowith FRQ.
According to our hypothesis, depletion of FRQ nucleotide to an iodoacetate resin. frq + extract was then passed over the affinity column. Poly dI/dC was should not restore impaired binding to the C box of phosphorylated WCC. To test this prediction, FRQ was included to reduce unspecific binding. Under the conditions used (100 mM KCl), about 40% of WCC bound to immunodepleted from frq + DD25 extract. Depletion of FRQ neither increased nor decreased the interaction of the C box affinity resin. As shown by 1D and 2D gel electrophoresis and quantification ( Figures 6C and 6D) , WCC with the C box ( Figure 6B, right lanes) 
